In patients with panic disorder (Liebowitz et al. , 1985 Pitts and McClure 1967) or premenstrual dysphoria (Facchinetti et al. 1992; Sandberg et al. 1993 ), but not in healthy controls, intravenous (i.v.) administration of sodium lactate elicits an anxiety reaction strongly resembling spontaneous panic attacks. The anxiogenic effect of sodium lactate has been attributed to changes in calcium concentrations (Pitts and McClure 1967), pH (Grosz and Farmer 1972) , redox activity (Carr et al. 1986 ), pCO 2 (Gorman et al. 1988a) , and osmolarity (Jensen et al. 1991; Peskind et al. 1998) . However, all these theories and findings have also been questioned, and the mechanism by which sodium lactate elicits panic attacks hence is as yet unexplained.
In patients with panic disorder (Liebowitz et al. , 1985 Pitts and McClure 1967) or premenstrual dysphoria (Facchinetti et al. 1992; Sandberg et al. 1993 ), but not in healthy controls, intravenous (i.v.) administration of sodium lactate elicits an anxiety reaction strongly resembling spontaneous panic attacks. The anxiogenic effect of sodium lactate has been attributed to changes in calcium concentrations (Pitts and McClure 1967) , pH (Grosz and Farmer 1972) , redox activity (Carr et al. 1986 ), pCO 2 (Gorman et al. 1988a) , and osmolarity (Jensen et al. 1991; Peskind et al. 1998) . However, all these theories and findings have also been questioned, and the mechanism by which sodium lactate elicits panic attacks hence is as yet unexplained.
Likewise, the reason why patients with panic disorder or premenstrual dysphoria differ from controls with respect to sensitivity to lactate is a matter of controversy. Notably, a more rapid and substantial rise in brain lactate has been observed in panic patients as compared with control subjects (Dager et al. 1999 ), but the difference between patients and controls may also be due to different responsiveness to a given concentration of lactate. Treatment with anti-panic medication usually prevents not only spontaneous but also lactate-induced panic attacks (Pohl et al. 1994; Rifkin et al. 1981) .
Panic attacks are almost always associated with hyperventilation and respiratory discomfort, such as shortness of breath; it has thus been suggested that lactate-induced as well as spontaneous panic attacks may be due to an activation of a hyperresponsive suffocation alarm system involving activation of central or peripheral chemoreceptors (Klein 1993) . Supporting this concept, an anxiety-provoking effect similar to that of lactate has been observed after inhalation of CO 2 in panic disorder subjects and in women with premenstrual dysphoria (Gorman et al. , 1988a Griez et al. 1987; Harrison et al. 1989; Kent et al. 2001; Papp et al. 1997; Perna et al. 1994; Woods et al. 1986) .
We have previously reported that intravenous administration of sodium lactate to Wistar rats, but not to rats of the Sprague-Dawley strain, elicits an increase in blood pressure and variable effects on heart rate (Wikander et al. 1995) . Such cardiovascular response is in line with the assumption that lactate induces a stimulation of central or peripheral chemoreceptors. In the present study, the effect of sodium lactate on respiratory rate and tidal volume in freely moving, unrestrained male and female rats of the Wistar strain was explored. Given the previous reports suggesting that spontaneous panic attacks are menstrual cycle-dependent (Basoglu et al. 2000; Breier et al. 1986; Cameron et al. 1988; Cook et al. 1990; Klein 1993) , that panic disorder may improve during pregnancy (Hertzberg and Wahlbeck 1999; Klein et al. 1994; Villeponteaux et al. 1992) , and that patients with premenstrual dysphoria experience panic attacks when exposed to lactate (Facchinetti et al. 1992; Sandberg et al. 1993) , we also investigated if possible effects of lactate on respiration are estrus cycle-dependent.
MATERIALS AND METHODS

Animals
Wistar rats (250-300 g), purchased from B&K (Sollentuna, Sweden), were used. Before the experiments, the rats were housed with five animals per cage under controlled conditions: temperature 21-22 Њ C, humidity 55-65%. In experiment 1, the rats were housed under normal 12/12 h dark/light cycle (lights on from 8 A . M . to 8 P . M .); in experiments 2 and 3, the dark/light cycle was reversed. In the second experiment, gonadectomized female rats were used; the ovariectomy was undertaken during anesthesia (mixture of ketamine 65 mg/kg, Parke-Davis Scandinavia AB, Solna, Sweden, and xylazine 15 mg/kg, Bayer AG, Leverkusen, Germany) at least 6 weeks before the acute experiments. In the third experiment, intact female rats were used, and tested in different phases of the estrus cycle. Cycle phases (metestrus, diestrus, proestrus/estrus) were determined by microscopical examination of vaginal smears in combination with tests of the estrus behavior (hop/darting, ear wiggling, lordosis), as assessed by placing the female rat in a cage inhabited by two male rats that were prevented from penile insertions. The lactate infusion experiments were undertaken in the diestrus and proestrus/estrus phases.
The study was carried out in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the NIH and was approved by the Ethics Committee for Animal Experiments, Göteborg University, Sweden.
Respiration Experiments
One to three days before the acute experiment, an intravenous cannula was implanted in vena jugularis during anesthesia (mixture of ketamine 65 mg/kg, Parke-Davis Scandinavia AB, Solna, Sweden, and xylazine 15 mg/ kg, Bayer AG, Leverkusen, Germany). At the day of the acute experiment, the rat was put in a closed Plexiglas plethysmograph in which it could move freely. The breathing of the rat was reflected by oscillations in the pressure of the chamber, measured using a transducer and a Macintosh computer (software: MacLab). After the recording of baseline respiratory rate for at least 15 min, an intravenous infusion of racemic sodium DL-lactate (Sigma-Aldrich Sweden AB) (0.5 M or 2 M) or a physiological NaCl solution (0.9M) (saline) was started. Flow rate was 0.5 ml/kg/min and the infusion lasted for 5 min and 20 s. The differences between baseline respiratory rate (mean of the 2 min preceding start of the infusion) and the maximal respiratory rate during infusion (defined as the 2 min with the highest mean) were used as a measure of lactate-or saline-induced change in respiratory rate. In addition to respiratory rate, also tidal volume and minute volume were registered. These volume data are presented as change from baseline levels, and are those recorded during the same 2-min period as used for assessment of respiratory rate (see above).
Statistics
Differences between groups were statistically evaluated using ANOVA followed by Fischer's PLSD test. All group values are given as mean Ϯ SD.
RESULTS
Experiment 1
Male rats administered sodium lactate 0.5 M (n ϭ 8) or 2 M (n ϭ 7) displayed a significantly greater increase in respiratory rate than rats given a saline infusion (n ϭ 9) (ANOVA: F ϭ 14.3, DF ϭ 2/21, p ϭ .0001) (Figure 1 , panel A). The increase in respiratory rate usually reached a maximum within 2-3 min after the onset of the infusion; when the infusion was stopped, respiratory rate normally returned to baseline levels within a minute. The ANOVA comparing all three groups with respect to change in tidal volume revealed a significant difference (F ϭ 5.5, DF ϭ 2/21, p ϭ .01); in the subsequent post-hoc test, rats receiving lactate 0.5 M, but not those receiving 2 M, were found to display lower tidal volume than those given saline (Figure 1, panel B) . The minute volume also was significantly influenced by lac- Figure 1 . Effect of i.v. infusion of sodium lactate (0.5 M; 2 M) (n ϭ 8 and 7, respectively) and saline (n ϭ 9) on respiration in male Wistar rats. Baseline respiratory rate (breaths per minute Ϯ SD) (0.5 M: 91.9 Ϯ 20.6, 2 M: 98.9 Ϯ 14.9, saline: 92.5 Ϯ 8.8), tidal volume (data not shown), and minute volume (data not shown) did not differ between groups. Bars represent mean (Ϯ SD) change from baseline values. p values refer to differences versus saline, except p values in brackets, which refer to differences versus 0.5 M lactate (ANOVA followed by Fisher's PLSD). Panel A: Effect of lactate on respiratory rate (breaths per minute). Panel B: Effect of lactate on tidal volume (ml/breath) Panel C: Effect of lactate on minute volume (ml/min). tate (ANOVA: F ϭ 5.2, DF ϭ 2/21, p ϭ .02); the subsequent analyses revealed that it was increased in rats receiving lactate 2 M, but unchanged in those receiving lactate 0.5 M (Figure 1 , panel C).
Experiment 2
Infusion of sodium lactate 2 M to ovariectomized female rats (n ϭ 13) caused a greater increase in respiratory rate than infusion of saline (n ϭ 9); in contrast, rats receiving infusion of 0.5 M sodium lactate did not differ from those given saline (data not shown). Whereas the ANOVA comparing all three groups was not significant (F ϭ 1.8, DF ϭ 3/25, p ϭ .2), a comparison of lactate 2 M and saline revealed a significant difference (Figure 2 ). Tidal volume was moderately reduced in rats receiving lactate 0.5 M as compared with controls, but not in those receiving lactate 2 M; neither this difference nor the difference in minute volume however reached statistical significance (data not shown).
Experiment 3
Intact female rats studied in the nonreceptive phase (diestrus) (n ϭ 8) did not differ from those studied in the receptive phase (proestrus/estrus) (n ϭ 10) of the estrus cycle with respect to baseline respiratory rate (legend to Figure 3 ), tidal volume (data not shown), or minute volume (data not shown). The increase in respiratory rate after infusion of sodium lactate was however significantly higher in the nonreceptive phase (diestrus) (n ϭ 8) than in the receptive phase (proestrus/ estrus) (n ϭ 10) of the estrus cycle (Figure 3) . Moreover, the respiratory rate in intact female rats studied in the diestrus phase was found to be larger than the response previously ( ϭ experiment 2) observed in ovariectomized animals ( p ϭ .01) (ANOVA followed by Fisher's PLSD); in contrast, the response in the proestrus/estrus phase did not differ significantly from that of gonadectomized animals ( p ϭ 1) (ANOVA followed by Fisher's PLSD). Notably, since intact and ovariectomized animals were studied in different experiments, these comparisons should be interpreted with caution.
In neither cycle phase, tidal volume was significantly influenced by the infusion (data not shown). The increase in minute volume observed during lactate infusion was significantly higher in rats studied in the diestrus phase than in those studied in the estrus phase of the cycle (ANOVA: F ϭ 5.2, DF ϭ 1/16, p ϭ .04) (data not shown).
DISCUSSION
Several authors have suggested that peripheral and/or central chemoreceptors are involved in the anxiogenic effects of lactate. Supporting this assumption, lactateinduced panic is associated with hyperventilation (Gorman 1988b; Klein 1993); moreover, in panic disorder patients, as well as in patients with premenstrual dysphoria, panic attacks can be elicited not only by sodium lactate, but also by CO 2 exposure (Gorman et al. 1988a Griez et al. 1987; Harrison et al. 1989; Kent et al. 2001; Papp et al. 1997; Perna et al. 1994; Woods et al. 1986 ).
The hyperventilation observed in rats exposed to intravenous infusion of sodium lactate supports the concept that lactate may induce an activation of peripheral and/or central chemoreceptors; also, it suggests that one mechanism that is probably involved in lactateinduced panic anxiety may be investigated in experimental animals. However, the results obtained in our experiments contrast to previous publications of Shekhar and co-workers Keim 1997, 2000; Shekhar et al. 1996) reporting no effects of a 0.5 M lactate solution on cardiovascular and respiratory parameters in intact rats of the Sprague-Dawley strain. We Figure 2 . Effect of i.v. infusion of sodium lactate (2 M) (n ϭ 13) and saline (n ϭ 9) on respiratory rate (breaths per minute) in female ovariectomized (ovx) Wistar rats. Bars represent mean (Ϯ SD) change from baseline respiratory rate. p value refers to difference versus saline (ANOVA followed by Fisher's PLSD). Baseline respiratory rate (breaths per minute Ϯ SD) did not differ between groups (2 M: 78.9 Ϯ 8.2, saline: 88.6 Ϯ 14.4).
have previously shown that the cardiovascular response to lactate is more pronounced in Wistar rats than in Sprague-Dawley rats (Wikander et al. 1995) ; tentatively, the difference between our results and those of Shekhar and co-workers with respect to effects of lactate on respiration could thus be due to the use of different strains. Previous literature does support the notion that rats of Wistar strains (including Wistar-Kyoto) and Sprague-Dawley rats differ with respect to various aspects of behavior, (Galan et al. 1994; LopezRubalcava and Lucki 2000; Pilz et al. 1999; Shoaib et al. 1995) and also that chemoreceptor responsiveness may be higher in Wistar-Kyoto rats than in rats of the Sprague-Dawley strain (Hayward et al. 1999) .
In most clinical experiments, 10 ml of 0.5 M lactate solution have been given for a period of 20 min; the flow rate hence has been the same as in our animal experiments (0.5 ml/kg/min). Since the maximal respiratory response to lactate in rat was usually observed already within the first 5 min of infusion, it was decided to stop the infusion after 5 min 20 s; the total amount of lactate solution administered has hence been less in our animal experiments than in most clinical studies. It has been reported that lactate is metabolized more rapidly in rat than in man (Freminet and Leclerc 1979; Searle et al. 1989) ; therefore lactate concentration achieved in the brain are probably lower in rats than in humans given the corresponding amount of lactate. To compensate for the shorter period of infusion applied in the rat experiments as compared with clinical studies, and for the fact that the metabolism of lactate seems more rapid in rat than in man, not only the effects of the same lactate concentrations as are used in clinical studies (0.5 M) were tested, but also those of a higher concentration (2 M).
In spite of causing an increase in respiratory rate, the 0.5 M lactate concentration did not increase minute volume, since the increase in frequency was associated with a reduction in tidal volume. In contrast, the higher concentration of lactate (2 M) led to an increase in respiratory rate without a concomitant reduction of tidal volume, the net effect being a substantial increase in minute volume. Likewise, we have recently observed that exposure of Wistar rats in the same experimental paradigm to low concentrations of CO 2 (1.5%) leads to an increase in respiratory rate but to a reduction in tidal volume, whereas higher concentrations of CO 2 (6%) leads to an increase in respiratory rate with no reduction in tidal volume. Given the fact that lactate infusion has been reported to cause a substantial increase in minute volume, in humans (Gorman et al. 1988b) , it may be argued that the rat experiments using a 2 M solution perhaps more faithfully reflects the clinical lactate provocation test than those using a lactate concentration of 0.5 M. Also, it should be underlined that both lactate-induced (Gorman et al. 1988b) , and spontaneous (Martinez et al. 1996) panic attacks in man are associated with an increase in tidal volume that appears to be even more pronounced than the increase in respiratory rate.
Lactate infusions are known to induce metabolic alkalosis, which could be expected to lead to a reduction in minute volume rather than to an increase in respiration. However, the notion of lactate nevertheless being a respiratory stimulant gains support from previous clinical studies reporting lactate to enhance respiration, not only in panic disorder patients but also in normal controls (Gorman et al. 1988b) . If the respiratory stimulation induced by lactate is due to a direct activation of chemoreceptors or to some other mode of action is as yet unknown, but the fact that it can be studied in experimental animals hopefully will increase the possibilities to elucidate the underlying mechanisms.
The rapid normalization of breathing after lactate infusion contrasts to what has previously been reported in patients with panic disorder. Differences in the duration of the infusion, or differences between rat and man with respect to the half-life of lactate (see above), may explain this discrepancy. It is also not unlikely that the respiratory response observed in rats is due merely to a Figure 3 . Effect of i.v. infusion of saline or sodium lactate (2 M) on respiratory rate (breaths per minute) in intact female Wistar rats tested in the diestrus (n ϭ 8) or proestrus/estrus (n ϭ 10) phase of the cycle. Bars represent mean (Ϯ SD) change from baseline respiratory rate. p value refers to difference versus proestrus/estrus (ANOVA followed by Fisher's PLSD). Baseline respiratory rate (breaths per minute Ϯ SD) did not differ between groups (diestrus: 88.8 Ϯ 11.9; proestrus/estrus: 84.1 Ϯ 16.9). direct influence of lactate on chemoreceptors or related structures, whereas the respiratory response to lactate in panic disorder patients may be due to the combined effect of a direct stimulatory effect of lactate on respiration, corresponding to that observed in Wistar rats, and to an increase in respiration secondary to the panic reaction elicited.
Previous reports suggest a premenstrual exacerbation of panic disorder (Basoglu et al. 2000; Breier et al. 1986; Cameron et al. 1988; Cook et al. 1990; Klein 1993 ; however, see also Stein et al. 1989) , that panic disorder may improve during pregnancy (Hertzberg and Wahlbeck 1999; Klein et al. 1994; Villeponteaux et al. 1992) , and that patients with premenstrual dysphoria experience panic attacks when exposed to lactate (Facchinetti et al. 1992; Sandberg et al. 1993 , see also Yonkers 1997 . Given the possible influence of female sex steroids on the respiratory effect of lactate, in the first experiment using female rats (experiment 2), the animals were gonadectomized before being tested in order to avoid the possible influence of estrus cyclicity. In the second experiment using female rats (experiment 3), intact animals were used, and tested in different phases of the estrus cycle. The observation that the respiratory response to lactate was more pronounced in the nonreceptive phase (diestrus) than in the receptive phase (proestrus/ estrus), and also more pronounced in intact animals studied in the diestrus phase than in ovariectomized rats, supports an influence of female sex steroids in this context. Given the apparent relationship between panic disorder and premenstrual dysphoria, it is noteworthy that the phase of the estrus cycle in which the respiratory response to lactate was most pronounced is also the phase of the cycle when Wistar rats display irritability and aggression in a putative animal model of premenstrual dysphoria (Ho et al. 2001) .
It seems likely that a revelation of the precise mechanisms of action involved in lactate-induced anxiety attacks will increase our understanding of the biology of panic disorder. The present study does not demonstrate why patients with panic disorder or premenstrual dysphoria get anxiety attacks from lactate infusion, but it does support the hypothesis that lactate is a respiratory stimulant, and it indicates that animal studies may be of value in elucidating at least parts of the chain of events triggered by lactate infusion and leading to a panic attack. Finally, our data suggest that lactate-induced hyperventilation in female rats is estrus cycle-dependent.
